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We report the first measurement of the Spin Hall Effect of Light (SHEL) on an air-metal interface. The SHEL
is a polarization-dependent out-of-plane shift on the reflected beam. For the case of metallic reflection with
a linearly polarized incident light, both the spatial and angular variants of the shift are observed and are
maximum for −45◦/45◦ polarization, but zero for pure s- and p-polarization. For an incoming beam with
circular polarization states however, only the spatial out-of-plane shift is present. c© 2018 Optical Society of
America
OCIS codes: 240.3695, 260.3910, 260.5430.
The Spin Hall Effect of Light (SHEL) is the photonic
analog of the Spin Hall Effect in solid state physics in
which the spin of the particles are replaced by the spin of
photons (i.e. polarization) and the electric potential gra-
dient by the refractive index gradient [1–3]. The SHEL
appears as a very small but detectable polarization de-
pendent out-of-plane (namely, transverse to the plane of
incidence) displacement of the reflected beam at a dielec-
tric interface relative to the geometric-optics prediction.
Introduced in [1] as a transport phenomenon, the effect
was in fact first theoretically derived by Fedorov in 1955
for the case of total internal reflection in glass [4]. Its ex-
perimental verification was done by Imbert in 1972 [5];
hence the SHEL is also known as the Imbert-Fedorov
(IF) effect. Recently, there has been a renewed interest
in the SHEL both regarding its theoretical understand-
ing [1,2,6–8] and its potential for metrology applications.
A considerable amount of experimental work has been
reported for an air-dielectric interface [3, 9–13] and for
an air-semiconductor interface [14].
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Fig. 1. (Color online) An illustration of out-of-plane spa-
tial (∝ ∆) and angular (∝ Θ) shifts of a beam incident at
an angle θi, upon reflection at an interface of two media.
The SHEL is part of the diffraction correction on the
path of a bounded beam upon its reflection or refraction,
which cannot be exactly described by the geometrical-
optics (Snell’s law and Fresnel formulas) alone [2]. This
small correction also includes the in-plane shift [15],
known as Goos-Ha¨nchen (GH) shift. For both the SHEL
and GH cases, there exist two variants of shift namely
the spatial and angular shift; the latter being enhanced
by propagation [6]. Figure 1 illustrates the spatial and
angular shift for the SHEL.
In this Letter, we report for the first time, experimen-
tal measurements of the SHEL on an air-metal interface
for different states of polarizations. We are interested
in the SHEL on an air-metallic interface because met-
als have complex refractive indices, as compared to the
purely real refractive indices of dielectric media.
Theoretically, a consequence of using metallic reflec-
tion has been reported previously [16], demonstrating
that the spatial and angular shifts can be described by a
common formalism; experimental evidence for this was
provided for the GH case but not for the SHEL. Several
studies have in fact shown that GH shifts is effectively a
scalar effect in the sense that s- and p-polarized light un-
dergo individual (uncoupled) GH effects [6, 17, 18]. The
SHEL on the other hand, requires simultaneous s- and p-
component (see Eq. 2), otherwise a transverse shift can-
not occur due to symmetry reasons.
To calculate the out-of-plane shift of a beam with finite
transverse extent, one can use either the law of conser-
vation of angular momentum [1–3, 7] or more directly,
using angular spectrum decomposition [6, 19]. We used
the latter method to derive the equations below. The in-
cident and reflected beams are assumed to be Gaussian;
they are decomposed into plane wave components, and
the Fresnel reflection coefficients are applied for both the
s- and p-component of the waves, respectively. The shift
is then obtained in the paraxial approximation by inte-
grating over the reflected plane waves.
Following the notations described in Eq. (5) of [6], we
express the dimensionless out-of-plane shift as:
Yr = ∆+ Zr
Θ
Λ
, (1)
1
where Yr = k0yr, Zr = k0zr, and Λ = k0(k0w
2
0/2) =
2/θ20 with k0 the wavenumber of beam center, w0 the
beam waist, and θ0 the opening angle of the incoming
beam. Eq. (1) yields the total out-of plane shift yr that
consists of two parameters with measurable units: the
spatial shift ∆/k0 as a dimensional length and the angu-
lar shift Θ/Λ in radian dimension, respectively. Variables
∆ and Θ are expressed as
∆ = −
apas cot θi
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R2p −R
2
s
)
cos η
]
, (2b)
with rs/p = Rs/p exp(iϕs/p) the Fresnel reflection coeffi-
cient evaluated at incident angle θi and as/p the electric
field components for perpendicular and parallel direc-
tions, respectively. The phase shift between these two
components is given by η.
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Fig. 2. Theoretical curves for (a) spatial and (b) angular
shifts of linear (solid lines: −45◦/45◦, dotted lines: s/p)
and circularly (dashed lines: σ−/+) polarized light as a
function of incident angles, calculated for gold at λ =
826 nm, n = 1.88 + i5.39 [20].
For a somewhat lossy surface such as gold, the differ-
ence in the phase acquired by the s- and p-component
of the waves after reflection varies gradually with angle
of incidence, between 0 or π [21]. The theoretical curve
for various polarization states of the spatial ∆/k0 and
angular Θ/Λ shifts is shown in Fig. 2. A key distinction,
as compared to the case of dielectric reflection, is that
these two shifts can coexist, due to the finite losses of
the metal (Au) [16]. For linearly but oblique polarized
light both spatial and angular shifts contribute to the
measurable beam shift yr. The shifts are maximum at
±45◦ polarization angle and becomes zero for s- and p-
polarized light. Only the spatial shift occurs when using
circularly polarized (σ−/+) light.
Upon reflection on metal, a linearly polarized light
will emerge elliptically polarized [21] due to the differ-
ent phase acquired by the s- and p-component of the
waves. This makes post-selection scheme necessary to
observe the SHEL via a weak measurement [3, 11] im-
practical. We employ a different scheme, shown in Fig. 3.
We use an 826 nm superluminescent light-emitting diode
Fig. 3. (Color online) The optical set-up to measure the
polarization-differential shift as a function of incident an-
gle θi. See text for details.
(SLED) which is spatially filtered by a single-mode op-
tical fiber to yield a TEM00 mode, collimated at a beam
waist of w0 = 690µm and polarized by a Glan po-
larizer. To measure polarization-differential shifts, we
switch between orthogonal polarization states (−45◦/45◦
or σ−/σ+) at 2.5Hz, with a liquid-crystal variable re-
tarder (LCVR, Meadowlark). To create circularly po-
larized right, a QWP is inserted. Our sample is a pla-
nar (Wyko optical profiler gives 0.8 nm rms roughness)
200 nm thick Au film that is deposited on a chromium
film-coated Duran ceramic glass (diameter = 10 cm,
surface flateness = λ/20). The polarization-differential
shifts of the reflected beam are detected by a calibrated
quadcell photodetector (QD, model 2901/2921 NewFo-
cus). To increase the opening angle of the beam, we insert
a lens before the beam hits the sample. We determine the
contribution of the angular shift from the measured total
shift by varying the position of the detector with respect
to the waist of the focused beam.
With the use of a lock-in amplifier (EG&G 5210),
all measurements are performed by synchronously
measuring the relative transverse position (along the yr-
axis) of the beam while switching polarizations with the
LCVR. We obtained the direction (positive vs negative)
of the transverse shift of the beam by noting the phase
of the lock-in amplifier. Due to the different intensities
between s- and p-polarization, the signal being detected
by the detector and read by the lock-in amplifier needs a
correction, where we have generalized the recipe in [22]
for any state of polarization, into:
δyr =
δU
CΣ1
−
U1
CΣ1
(Σ2 − Σ1)
Σ1
, (3)
with δyr is the transverse shift in length units, δU the
measured voltage difference read by the lock-in amplifier,
and C the calibration constant. Note that the subscripts
{1,2} are assigned to the switching polarization states in
our experiments. The second term on the right hand side
of Eq. (3) is the necessary correction to the read signal. It
is minimum when U1 is zero, i.e. the reflected beam with
one of the switching polarization states is centered to the
QD. Both U1 and the total intensity Σ are measured by
a voltmeter (HP 34401A).
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Fig. 4. Measured (top row) spatial and (bottom row)
angular polarization-differential shifts between (a,c)
−45◦/45◦ and (b,d) σ−/+ polarized light, as a function
of angle of incidence. Solid lines are theoretical curves,
dots with error bars represent data with its standard
deviation (3σ).
Figure 4 shows our experimental results for the
polarization-differential shifts as a function of the angle
of incidence together with theoretical predictions based
on Eqs. (1-2). The data agrees with the theory without
the use of fit parameters. The experimental error is of
the order of 30 nm (to be compared with the 1 nm error
in the weak-measurement method for dielectrics [3,11]).
In Fig. 4(a) and 4(c), the angle of polarization is
switched between −45◦/45◦. Both the out-of-plane spa-
tial and angular polarization-differential shifts are ob-
served and peak at an incident angle of 65◦. The
measurement of the spatial Fig. 4(b) and angular
Fig. 4(d) polarization-differential shifts between right
and left circularly polarized light (σ−/+) shows that
only the spatial out-of-plane shift is present. We have
also measured the out-of-plane shift for pure s- and p-
polarization (plots not shown), and the results agree with
predicted zero values within the limits of uncertainty.
In agreement with theory described in Eqs. (1-2)
above, our measurements of the SHEL in metal reflec-
tion do not show an existence of a backward energy
flow, unlike in the GH case where the in-plane shift be-
comes negative for gold. In the GH shift, the energy flow
of the evanescent field parallel to the interface changes
sign when the sign of the permittivity ǫ of the reflecting
medium changes [23, 24]. This argument does not hold
with the SHEL in metallic reflection as the shift is per-
pendicular to the incoming wave vector and therefore the
sign is independent of ǫ.
In summary, we have demonstrated the SHEL on an
air-gold interface for different polarizations. The SHEL
is specially interesting in applications where minute shift
can play an important role, e.g. in metrology. On a more
fundamental level, our measurements add to the under-
standing of how the conservation law of angular momen-
tum plays a role when light undergoes reflection [2, 25].
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